Visual and auditory digit-span performance in native and nonnative speakers Olsthoorn, N.M.; Andringa, S.; Hulstijn, J.H. 
Introduction
Linguistic research into individual differences in language proficiency faces the challenge of finding the factors responsible for inter-individual variations. One of the factors often mentioned as a covariate is working-memory (WM) capacity, more specifically verbal WM capacity. However, many measures of verbal WM tend to be affected by long-term memory factors such as vocabulary knowledge and familiarity with the speech sounds of a language. This is particularly an issue when participant samples are heterogeneous. This paper addresses the question of whether the visual digit span could be a simple verbal WM measure that can be used reliably with native and non-native speakers alike, testing verbal WM but not at the same time linguistic proficiency.
First introduced in 1974 by Baddeley and Hitch, verbal WM is just one of three modality-based components subserving the Central Executive (for an overview, see Baddeley, 2003) . Also called the phonological loop, the verbal WM component allows us to store and retrieve a limited amount of phonological information, for a brief period of time. This time period can be extended by the use of sub-vocal rehearsal. Verbal WM memory capacity has shown itself to be a good predictor of successful foreign-language learning (e.g. Atkins & Baddeley, 1998; Gathercole, Service, Hitch, Adams, & Martin, 1999; Kormos & Safar, 2008; Service, 1992; Service & Kohonen, 1995) , as well as linguistic aptness in the first language (e.g. Daneman & Carpenter, 1980; Just & Carpenter, 1992; Waters & Caplan, 1996 , 2005 ; although see also MacDonald & Christiansen, 2002 , for an alternative view on this matter).
Verbal WM is also assumed to play a role in linguistic proficiency, both for speakers of a first language (L1) and speakers of a second language (L2); however, measuring verbal WM in a multilingual setting has proven difficult. The problem lies with selecting a task that measures verbal WM, but not simultaneously language proficiency. Unfortunately, most if not all measures of verbal WM by definition utilise stimuli that are linguistic in some way or other, be they actual words (as in word or sentence spans), non-words or digits. Consequently, they tap into long-term memory for linguistic knowledge, in addition to WM per se. This results in an obvious advantage for those familiar with the language in question. Below we will briefly discuss the current measures and the disadvantages of each when used in a multilingual setting.
Sentence-span tests (Daneman & Carpenter, 1980) , like most WM tasks, typically are presented in series: two sentences of average length, followed by a series of three such sentences, followed by four, etc. The participant listens to the sentences or reads them aloud and after each series has to recall the final word of each sentence. After having completed three series of a particular length, the participant then moves on to the next length, and so on. Sentence span is determined as the last length of which a participant has correctly recalled all words from at least two out of three series. Word-span tests work on a similar principle but use lists of words, rather than full sentences as the initial input.
The problem with both the sentence-span and the word-span task is that they present an advantage for native speakers that know the language over non-native speakers who might not be familiar with some of the words or the predictability of sentential or morphophonological structures. A solution to this is using non-words instead of existing words. The non-word task has two variants: non-word repetition and non-word recognition (Gathercole, Pickering, Hall, & Peaker, 2001 ). Both make use of non-words as stimuli, in lists of increasing length that are presented auditorily and subsequently have to be either recalled from memory (for the repetition task), or compared to a second list in which the same items are either in identical order as in the first list, or with two items of the list swapped in position (for the recognition task). In the list-comparison task, participants respond with a YES (they are the same) or NO (they are not the same), said aloud or indicated via a button press. The use of non-words as stimuli in a verbal WM test is also problematic. Even though nonwords are by definition not real words, and therefore unfamiliar to both native speakers and nonnative speakers, non-words in one language may be (part-) words in another. This even applies to artificially generated simple consonant-vowel-consonant (CVC) structures. It is therefore not surprising that familiarity and neighbourhood effects for non-word recall have been widely reported (e.g. Hulme, Maughan, & Brown, 1991; Hulme, Roodenrys, Brown, & Mercer, 1995; Roodenrys, Hulme, & Brown, 1993) . Even if the items are not evoking any existing words, non-word recall is also affected by familiarity with the phonotactic properties and frequencies of the language from which the non-words are generated (Gathercole, 1995; Gathercole, Frankish, Pickering, & Peaker, 1999; Gathercole et al., 2001; Gathercole, Willis, Emslie, & Baddeley, 1991; Kovács & Racsmány, 2008; Roodenrys & Hinton, 2002; van Bon & van der Pijl, 1997) , giving participants whose L1 is more similar to the non-word source an advantage. Daneman and Merikle (1996) found that numerical stimuli could also be used reliably as items in a measure of verbal WM. This is the basis of digit-span tasks (e.g. Salthouse, Mitchell, Skovronek, & Babcock, 1989) . Again, participants are presented with series of stimuli (digits) of increasing length, which they have to recall. Each length is presented two times, and a participant's span is defined as the last length at which one or both lists from a series of a particular length have been recalled correctly. Variations include visual and auditory presentation of the stimuli, and recall being required in forward or backward order with reference to the original list. The forward span task is thought to reflect mainly storage, and the backward span reflects processing aspects of WM as well.
Research on digit-span performance in bilinguals has shown that familiarity with the language plays an important role in digit-span performance, with participants generally achieving higher span scores in their mother tongue than in their non-dominant language(s) (Chincotta & Hoosain, 1995; Chincotta & Underwood, 1997b; Da Costa Pinto, 1991; Thorn & Gathercole, 2001) . This is in spite of the fact that digits can be considered to be relatively overlearnt stimuli in any language and are usually among the very first words taught in foreign-language education.
Digit span has been studied in relation to linguistic diversity in several ways. Cross-linguistic comparisons show that digit-span size differs across languages, depending on between-language variation in the length of digit names and thus in the average duration to overtly or covertly articulate digit names. For example, digit names in Chinese consist of fewer phonemes (average of 2.5 phonemes) than digit names in English (3.2), while digit names in English are shorter than those in Finnish (5.7) (e.g. Chincotta & Underwood, 1997a; Hoosain, 1979 Hoosain, , 1982 Hoosain, , 1984 Naveh-Benjamin & Ayres, 1986) . Research typically involves comparing participants' span sizes with and without articulatory suppression. Differences in the span size of bilinguals' L1 and L2 are eliminated when the digit-span task is performed under articulatory suppression (Baddeley, Thomson, & Buchanan, 1975 , Chincotta & Underwood, 1997a . Additional research conducted by Chincotta, Hyöna, and Underwood (1997) showed that, if digit names are longer in subjects' L1 than in their L2, which is the case in Finnish-Swedish bilinguals, the advantage of performing a digit-span task in L1 over performing it in L2 is smaller than if digit names are shorter in L1 than in L2, which is the case in Swedish-Finnish bilinguals. This finding suggests that not only actual word length of the digits and subjects' speech rate are the source of variation, as was previously postulated (Ellis & Hennely, 1980) , but also subjects' 'relative level of competence between the languages for numerals' (Chincotta et al., 1997, p. 257) .
In principle, the research just mentioned poses two potential problems for comparative research on the contributing factors of linguistic skills. Firstly, the between-language articulation-speed effect suggests that it might not be possible to compare speakers of different languages on their digit-span performance, because these languages may vary in word length and in average articulation rate. This challenges the possibility (1) of using a heterogeneous group of L2 learners in linguistic-proficiency research and (2) of comparing a group of L2 speakers (of either homogeneous or heterogeneous language background) of a given language with native speakers of that language. Secondly, comparing native and non-native speakers is also complicated by the finding that digit-span performance is generally better in one's L1 than in one's L2.
Despite the potential problems just mentioned, the present study explores the possibility of using the visual and auditory digit-span task for comparing verbal WM span between speakers of different language backgrounds. Participants were 114 non-native speakers of Dutch (native speakers of a large variety of languages) and 121 native speakers of Dutch. The study reported here is part of a research project aiming at explaining individual differences between and within native and non-native speakers of Dutch in performing a listening comprehension task in Dutch. The explanation of individual differences in listening comprehension is sought in participant characteristics such as age, level of education, non-verbal intelligence and WM capacity, and in performance on a range of verbal tasks (one of which was a Dutch vocabulary-size task) (Andringa, Olsthoorn, van Beuningen, Schoonen, & Hulstijn, 2012) . Thus, one important question in the project was which type of WM task we should best use to predict individual differences in listening comprehension. To our knowledge, the present study is the first one investigating differences between visual and auditory digit-span performance in non-native speakers in comparison to native speakers, examining the possible mediating effect of language proficiency (alternatively called language competence or language familiarity). In addition, the study allowed us to replicate an effect of between-language differences in the average length of digit names on visual digit span.
Visual digit-span tasks are widely used as a measure of the phonological loop. The phonological similarity effect for visual stimuli (Baddeley, 1968) and the finding that irrelevant speech sounds tend to disrupt memory even for visually presented digits (Colle & Welch, 1976; Salame & Baddeley, 1982) demonstrate that sub-vocal rehearsal is involved in memorising visually presented items. While the auditory digit-span task forces participants to encode the information in the language of the stimuli, the visual digit-span task allows participants to encode the sequences of digits in their preferred language. This may make the visual task more suitable for measuring verbal WM capacity in a multilingual setting, that is, with participants with different language backgrounds, even though between-language differences in the length of digit names may affect performance. We also wanted to explore whether the advantage of native speakers over non-native speakers in the auditory task might decrease when scores are corrected for language proficiency. The expectation was that correction for language familiarity (i.e. L2 proficiency in the case of the non-native speakers) will not affect the native-non-native comparison when the digit-span task is performed in the visual mode, because participants will perform the task in their dominant language (L1). In contrast, correction for language familiarity might compensate for non-native speakers' disadvantage of performing the task in the auditory mode.
Method

Participants
Participants were 121 native speakers of Dutch (84 female) and 114 non-native speakers (76 female). All non-native speakers were post-puberty learners of Dutch as a foreign language and their proficiency level was equivalent to or higher than B1 in terms of the Common European Framework of Reference for Languages (Council of Europe, 2001) . They were native speakers of 35 different languages, including Russian (9 speakers), German (9 speakers), Bahasa Indonesia (9 speakers) and Spanish (8 speakers). All participants were selected from the same age range (19-40), but the native group was slightly younger (M = 25; SD = 5) than the non-native group (M = 29; SD =5). This difference was not significant, however. Participants of both high (higher vocational and university) and low (all other vocational) educational backgrounds were recruited (for the natives, 61 high and 60 low; for the non-natives, 66 high and 47 low). Despite this, the groups differed on the complex matrices component from the Wechsler Adult Intelligence Scale III (WAIS-III), a measure of non-verbal IQ (Wechsler, 1997) , with native speakers scoring slightly higher (M = 11.8; SD = 2.5) than the non-native speakers (M = 10.9; SD = 3.0); this difference was significant (F (1, 233) = 6.588; p < 0.05).
Materials
Auditory forward and backward digit-span tasks. Dutch language digits one to nine were synthesised by using the MBROLA speech synthesiser (Dutoit, Pagel, Pierret, Bataille, & Van der Vrecken, 1996) with the NL3 diphone database, and all were subsequently edited in Praat (Boersma & Weenink, 2009 ) to be exactly 1 second in duration. All digits were then judged by three independent native speakers on their comprehensibility, and adapted accordingly if deemed necessary until all three judges were in agreement, with the provision that all resulting sound files would remain 1 second in duration.
The procedures for the auditory forward and backward digit-span tasks followed the recommendations of the WAIS-III Digit Span subtasks (Wechsler, 1997) and were implemented using the e-prime experimental software package (Schneider, Eschman, & Zuccolotto, 2002) . The only change was that participants were required to type in their responses, rather than say them out loud. 1 Participants were instructed that they would hear series of numbers and that their task was to enter these numbers in the correct order into the computer. Participants were seated at about 60 cm from a computer screen and were wearing headphones. To familiarise the participants with the digitised numbers, these were played in order from one to nine, while at the same time their visual counterpart was displayed on the monitor in large font for 1 second. After having been familiarised with the auditory digits, participants then received three practice trials (consisting of two trials of length 2 and one trial of length 3). In the experiment, participants heard series of digits of increasing length, played back at a rate of one digit per second, and were required to enter these when prompted after each series, in the order in which they were first presented for the forward task and in reverse order for the backward task. The minimum series length was two digits, increasing with one digit every two trials until the maximum length of nine digits (for forward series, eight for backward series) was reached, or until participants failed to respond correctly to both trials of a particular length. Depending on this variable exit point, this part of the experiment took about 5-10 minutes to complete.
Visual forward and backward digit span. The procedure for the visual digit-span tasks was exactly the same as for the auditory tasks, but instead of audio files of word names that were being played, the numbers (numerals) were presented in 75-point Arial font in blue on the centre of a white computer screen for a duration of 1 second each, with no blank screen in between the items of a list. Visual span sessions also omitted the familiarisation block preceding the practice trials and again took between 5 and 10 minutes to complete. Participants were instructed to type in the series of numbers (in the order required). It was suggested that they use their L1 to perform the task: 'You may do the task in your first language' (literal translation of the original Dutch instruction). 2 In agreement with the WAIS-III instructions for digit-span tests, WM capacity was determined as the maximum length at which a participant had responded at least one out of two trials of the same length correctly, before having made an incorrect response on both consecutive trials of the same length. Thus, WM capacity could vary from 2 to 9 for the forward tasks, and from 2 to 8 for the backward tasks.
Vocabulary test. Vocabulary knowledge was tested with a computer-administered multiple-choice test. For each item, participants had five alternative paraphrases of the meaning of the target word to choose from, the last one always being: 'I really don't know'. The paraphrases were always couched in simple, common language. Several considerations guided item selection and construction. Firstly, words should not be too domain-specific. Care was taken not to introduce any regularity in the length of the alternatives and the way meanings were paraphrased. The final test consisted of 60 items selected from a total of 140 items that were piloted amongst 48 native and non-native speakers. The target words were selected on the basis of frequency information from the CELEX database (Baayen, Piepenbrock, & Gulikers, 1995) . CELEX consists of 124,000 lemmas of Dutch, with frequency information based on a corpus of written Dutch of 50-million word forms (see also http://celex.mpi.nl/).
Results
All tests reported below are two-tailed. Scores on the vocabulary test ranged from 26 to 60 for native speakers (M = 41; SD =6) and from 4 to 55 for non-native speakers (M = 28; SD = 9) (Welch's F (1, 194.69) = 145.802; p < 0.001).
An analysis of variance (ANOVA) of the digit-span data, with direction (2) and modality (2) as within-subject factors, and nativeness (2) as a between-subject factor, revealed a betweensubjects main effect of nativeness, with native speakers outperforming the non-native speakers on average by .348 items (F (1, 233) = 7.09; p < 0.05). A within-subjects main effect of direction (F (1, 233) = 165.668; p < 0.001; η 2 p = .416) also obtained. This effect was due to the forward spans being on average 0.829 items longer than the backward spans. In addition to this, there was an interaction effect between modality and nativeness (F (1, 233) = 10.275; p < 0.01; η 2 p = .042). No other main or interaction effects were significant. Additional ANOVAs showed that the modality × nativeness interaction effect was due to the native speakers and non-native speakers differing on the auditory digit spans, both in the forward direction (F (1, 233) = 12.76; p < 0.0001; η 2 p = 0.52) and backwards (F (1, 233) = 11.332; p < 0.01; η 2 p = 0.46) but not on the visual span tasks. Also, native speakers performed better on the auditory tasks (F (1, 120) = 17.77; p < 0. 0001; η 2 p = 0.129), but native and non-native speakers performed the same on the auditory and the visual tasks.
Since the native and non-native groups showed an a priori difference in IQ, and IQ and vocabulary were found to be correlated (r = .342; p < 0.001), the IQ component of vocabulary was partialled out by means of linear regression analysis, and the residuals were saved. To check for effects of familiarity with the language, another factorial analysis was conducted with the vocabulary residuals as a covariate (see Table 1 for both original means and least-square means). This resulted in a main effect of direction (F (1, 232) = 165.189; p < 0.01; η 2 p = 0.416), but no other main or interaction effects approached significance. In all eight measures (combinations of three binary distinctions: natives/non-natives, auditory/visual, and forward/backward), the correlations between the raw scores and the scores corrected for language proficiency (Dutch vocabulary) were in the range of Pearson r values between .96 and 1.00. Thus, while correction for language proficiency raised non-natives' scores in the auditory tasks (see Table 1 ), subjects' rank order remained virtually the same.
The associations between the four original digit-span measures were moderate in both the native and the non-native groups, with Pearson r values ranging between .45 and .51 (natives) and between .34 and .61 (non-natives), with all coefficients significant at the .000 level.
The estimated mean length (in phonemes) of the 10 digit names (from zero to nine) in participants' L1 varied from 2.5 (Mandarin) to 6.0 (Kinyarwanda). The mean length calculated over all 114 non-native participants was 3.9 (SD = 0.6). The mean phoneme length of the 10 digit names in Dutch is 3.1. Importantly, mean phoneme length and visual digit span were not significantly associated in the non-natives (n = 114); Pearson r values between mean phoneme length and forward and backward digit span was -.06 and -.16 (ns).
Discussion
The main aim of the study was to find out which type of digit-span task lends itself best for use in studies involving both native and non-native speakers of a given language. Adult native and non-native speakers of Dutch (n = 121 and 114, respectively) performed four digit-span tasks (auditory forward, auditory backward, visual forward and visual backward). As expected, a significant main effect of direction was obtained. Furthermore, a significant nativeness × modality effect was observed: while natives obtained significantly higher scores than non-natives in the auditory mode, this was not the case in the visual mode. This significant interaction (i.e. the advantage of the natives in the auditory mode) disappeared when performance was corrected for language proficiency (the Dutch vocabulary test). Betweenlanguage differences in the average length of digit names in non-native participants' L1 (ranging between 2.5 and 6.0 phonemes) did not appear to affect their performance in the two visual digit-span tasks.
The results confirm a well-documented effect of direction, with forward tasks generally resulting in longer spans than backward tasks (see Ramsay & Reynolds, 1995, for a review) . We also replicated the effect of proficiency, that is, that native speakers tend to outperform non-native speakers in digit-span tasks (Chincotta & Underwood, 1997b; Da Costa Pinto, 1991; Thorn & Gathercole, 2001 ). In our study, the advantage only held for the auditory version of the task because that task had to be performed in Dutch, while the visual task could be performed in participants' native language. On average, digit span in the visual modality was equal for the native and non-native participants, despite the fact that the mean digit-name length of the native languages of the non-native participants was higher (3.9) than the mean digit-name length in the Dutch language (3.1). The fact that natives obtained higher scores in the auditory than in the visual tasks is reflective of an auditory superiority effect (Penney, 1989) . The auditory superiority effect for serial recall items is generally thought to reflect the fact that auditory presentation leads more reliably to the creation of a vivid phonological code than does visual presentation of numerals, because subjects have to access and retrieve the word names in the visual task, while the word names are presented in the auditory task (Baddeley, 1986; Gathercole & Baddeley, 1990) . The auditory superiority effect was not obtained with the non-native speakers. Apparently, the advantage of being presented with the word names in the auditory task was cancelled because the task was performed in their L2.
The fact that all differences between native and non-native speakers disappeared when linguistic proficiency was taken into account is telling. It suggests that even with such overlearnt and abstract stimuli as digits, the phonological-loop capacity, measured with a digit-span task, reflects, at least partly, familiarity with (proficiency in) the language. As such, our results are corroborative of MacDonald and Christiansen's (2002) claim that verbal WM equals one's amount of experience with comprehension processes in a particular language. The following important question then arises. Is it empirically possible to tease apart, in digit-span performance in a group of native speakers, (i) the variance produced by individual differences in articulation speed and (ii) the variance produced by individual differences in familiarity with the language? In other words, to what extent is a person's articulation speed an index of his or her language familiarity?
On the basis of the literature and on the basis of our findings, what advice can we give to researchers of bilingualism with respect to measuring verbal WM capacity in a cross-linguistic setting? In the introduction, we listed some important disadvantages of using sentence-span tasks and non-word-span tasks. In general, depending on the study's research questions of course, the auditory and visual digit-span tasks appear to lend themselves better to the purpose. The advantage of the auditory digit-span task is that all participants conduct the task in the same language. Researchers might consider correcting the raw digit-span scores with a measure of language proficiency (such as vocabulary). Importantly, in our study this did not affect participants' digit-span rank order. The advantage of the visual digit-span task (with numerals as stimuli) is that participants perform the task in their strongest language, and thus the score comes closer to the success with which they can store and process phonological information in WM. There is strong evidence that this type of WM capacity is positively associated to learning a foreign language (see the references in the introduction). The potential drawback of the fact that languages differ in the length of numeral names can be dealt with by estimating the mean length of digit names in participants' first languages and computing the association between that length and participants' visual digit-span score. Depending on the study's cross-linguistic participant sample, this may or may not form an obstacle. Surprisingly, in our study, the visual digit span of the non-natives was not significantly different from that of the natives, although the average digit-name length in their first languages was longer than that in Dutch. These findings may encourage researchers to use the visual digit-span tasks despite between-language differences in digit-name length. The decision to use the forward or backward version of the task will depend on the researcher's wish to increase (backward) or not (forward) the WM component of information manipulation.
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Notes
1. As one anonymous reviewer of this paper noted, having the participants type their responses is a nonstandard implementation of the verbal digit-span task, because of the recoding of verbal information into motor and spatial codes necessary for the response. Also, due to the requirement to give typed responses, the participants may have been prone to encode verbal stimuli into a series of spatial positions before storage and thus make use of the Visual-Spatial Sketchpad component of WM. 2. Unfortunately we failed to ask the non-native participants afterwards whether they had performed the visual digit-span tasks in their dominant language.
